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Functional differentiation of the medullary collecting tubule: Influence
of vasopressin. Medullary collecting tubules of rabbits were dissected
from the outer zone at different stages of ontogenetic evolution and
perfused in vitro. The hydraulic conductivity coefficient (Lv) was
measured in the presence of either hypotonic perfusate and isotonic
bath or isotonic perfusate and hypertonic bath. Basal L (cm s1 atm
l0-) was 85 34 (N = 17) during early functional differentiation of the
outer medullary collecting tubule (e-OMCT), 36 6 (N 8) in the
intermediate state (i-OMCT), and 10 7 (N = 11) in the final, mature
state of function (m-OMCT). Addition of supramaximal concentrations
of arginine-vasopres sin (AVP) to the bath increased L2 in i-OMCT (250
36) and m-OMCT (327 63) but did not activate the osmotic
hydraulic conductance in e-OMCT (105 27). In 11 studies, OMCT
were analyzed using isotonic solutions as the perfusate and bath
medium. The spontaneous transtubular voltage (PD) was lumen posi-
tive, 1.71 0.3 in e-OMCT, lumen negative 2.43 0.3 in i-OMCT, and
6.1 0.4 in m-OMCT. AVP had no effect on PD in e- and i-OMCT but
increased the PD significantly (P < 0.025) to 9.2 0.6 in m-OMCT. The
results indicate that both hydraulic conductivity coefficient and transtu-
bular voltage in the medullary collecting tubule are dependent upon
epithelial ontogeny and, particularly, display differential responses to
the antidiuretic hormone. The data suggest that the differentiation of
water and ion transport in the medullary collecting tubule may contrib-
ute to the increasing efficacy of the medullary countercurrent system.
Différenciation fonctionnelle du tube collecteur médullaire: Influence
de Ia vasopressine. Des tubules collecteurs médullaires (lapins) ont été
disseques a partir de la zone Ia plus externe a diffdrents stades de
l'évolution ontogénique et perfusés in vitro. Le coefficient de conducti-
vité hydraulique (Lv) était mesuré en presence soit d'un perfusat
hypotonique et d'un ham isotonique, soit d'un perfusat isotonique et
d'un bain hypertonique. Le L basal (cm s' atm l0) était de 85
34 (N = 17) pendant la différenciation fonctionnelle précoce du tubule
collecteur médullaire externe (e-OMCT), 36 6 (N = 8) au stade
intermédiaire (i-OMCT) et 10 7 (N = 11) au stade fonctionnel final,
mature (m-OMCT). L' addition de concentrations supramaximales d 'ar-
ginine-vasopressine (AVP) dans le ham a augmenté L1, dans les i-OMCT
(250 36) et dans les m-OMCT (327 63) mais n'a pas active Ia
conductance hydraulique osmotique dans les e-OMCT (105 27). Dans
11 etudes, les OMCT ont dté analyses en utilisant des solutions
isotoniques comme perfusat et comme milieu de bain. La difference de
potentiel transtubulaire spontanée (PD) dtait positive dans Ia lumière,
1,71 0,3 dans les e-OMCT, negative dans Ia lumière, 2,43 0,3 dans
les i-OMCT et de 6,1 0,4 dans les m-OMCT. L'AVP n'avait pas
d'effet sur Ia PD dans les OMCT e et i mais a augmenté Ia PD
significativement (P < 0,025) a 9,2 0,6 dans les m-OMCT. Ces
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résultats indiquent que Ic coefficient de conductivité hydraulique
comme Ia difference de potential transtubulaire du tube collecteur
médullaire sont dépendants de I'ontogénese épitheliale et en particulier
montrent des réponses différentes a l'hormone antidiuretique. Ces
données suggerent que la différenciation du transport de l'eau et des
ions dans le tube collecteur médullaire pourrait contribuer a l'accroisse-
ment de l'efficacité du système de contre-courant médullaire.
The medullary countercurrent system utilizes segmental wa-
ter permeabilities for the production of diluted or concentrated
urine. The increasing ability of the human kidney to osmotically
concentrate the final urine during ontogeny [11 has been as-
cribed primarily to changes in the interstitial driving force for
water abstraction due to the increasing capacity for sodium
chloride transfer in the thick ascending loop [21, to cytoarchi-
tectural changes of the medulla [31 and interstitial urea seques-
tration [4] as a consequence of these primary changes. Charac-
teristics of the collecting tubule were considered of secondary
importance since osmotic equilibration between final urine and
papillary tissue had been found during postnatal ontogeny in the
dog [5]. The present study was undertaken to quantify the basal
hydraulic conductivity coefficient (Lv) of the medullary collect-
ing tubule at different stages of ontogenetic evolution and to
describe the effects of vasopressin on L and transtubular
voltage during epithelial differentiation.
Methods
In vitro dissection and perfusion, according to the method of
Burg et al [6], and their modifications for the study of ontoge-
netic differentiation have been reported previously from this
laboratory [2, 71; techniques for the outer medullary collecting
tubule (OMCT) will be emphasized. Three functional states of
epithelial transport differentiation were studied:
(1) OMCT during early postnatal differentiation (e-OMCT).
Nephron segments were dissected strictly from the outer me-
dulla, defined during dissection as the zone of transition from
the proximal straight tubule to the thin descending 1oop of
Henle within the area of high capillary density, that is, the
segments were obtained usually from the inner stripe of the
outer zone. The White New Zealand rabbits used were less than
4 days old.
(2) Intermediate state offunction (i-OMCT), as defined from
previous work on the proximal convoluted tubule [7]. Animals
were 10 to 15 days of postnatal age.
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(3) Final, mature state offunction (m-OMCT). Animals were
between 30 and 35 days of postnatal age. All animals were taken
from litters of similar size (three to four).
In vitro dissection. Medullary collecting tubules were dissect-
ed from fresh renal slices and transferred to the perfusion
chamber within 30 mm after removal of the organ. Slices were
rinsed at least three times in bath solutions. Dissection was
carried out at 5° C in a thermostatically controlled chamber [2]
which contained the bath solution and BSA (5 vol%) equilibrat-
ed to a constant pH (7.4) by adjusting the bubble rate of C02/02
(5%195%). Forceps (Dumont 5) and darkfield transmission light
(Wild) were used at a magnification of x50 (Wild M8).
In vitro perfusion. The perfusate, unless specified otherwise,
was solution I equilibrated to pH 7.4 by titration with hydro-
chloric acid and exchanged every 30 mm. The bath solution (II)
contained 5% (vol/vol) of heat-inactivated fetal calf serum
(FCS, Gibco Laboratories, Grand Island, New York) and was
equilibrated to pH 7.4 throughout the experiment. The bath was
exchanged every 15 mm; pH and osmotic activity were constant
during this period. All experiments were carried out at 25° C.
Length of the perfused OMCT was 0.78 to 1.35 mm (mean 0.96
0.17). Perfusion rates (Nanoliter-pump) were 3.3 to 5.3 nl
min (mean 4.1) in e-OMCT, 5.6 to 6.7 (mean 6.0) in i-OMCT,
and 5.6 to 7.7 (mean 6.6) in m-OMCT. These different perfusion
rates were chosen for e-, -, and m-OMCT, similar to a previous
protocol in studies on the thick ascending loop of Henle [2], to
present similar lumenal flow rates to the area unit while total
area increased with differentiation and growth of the segment.
Solutions were (in mM) I: NaCl 50, MgSO4 1.2, CaC12 1.0,
KC1 5.0, Na-acetate 10, NaH2PO4 1.2, NaHCO3 25, dextrose
5.5 (179 2 mOsm, N = 12); II: NaC1 115, MgSO4 1.2, CaC12
1.0, KC1 5.0, Na-acetate 10, NaH2PO4 1.2, NaHCO3 25,
dextrose 5.5 (292 4 mOsm, N = 12).
Antidiuretic hormone [arginine-vasopressin (AVP), Sigma
Chemical Company, St. Louis, Missouri] was added to the bath
solution before fluid exchange. AVP was kept as stock solution
in a high concentration (100 U/ml) at pH 5.0 and prepared to 100
U/ml for each experiment. Nominal concentrations of 25 and
500 U/ml were used in two experiments (e-OMCT). 3H-
methoxy-inulin (New England Nuclear Corp., Boston, Massa-
chusetts) in solution I was dialyzed across a membrane (3500
Dalton, Spectrapor, Reichelt) against solution I for 48 hr at 5° C
in a concentration of 250 jsCi/ml. Activity of the perfusate was
25 iiCi/ml. Using this dialysis, bath isotope activities after
successful cannulation of OMCT were not significantly above
background [18 to 25 cpm; picovial (Packard Instruments,
United Technology, Downers Grove, Illinois); aquasol (NEN);
LS-Spectrometer Packard 300 C]. Recovery of the volume
marker was ascertained for each new set of pipettes by fluid
delivery directly from the perfusion to the collection side of the
system [7]. Fluid samples were collected serially into a calibrat-
ed constriction pipette [2] and delivered individually under
water-equilibrated mineral oil into a petri-dish. A volume of 20
nl was withdrawn, added to 50 l of solution I, and the total
volume was added to 1 ml of scintillator. The remaining sample
volume was used for the measurement of osmotic activity by
ultramicroosmometry. The error of determination (Clifton
Technical Physics) of a single specimen was 0.7%.
Transtubular voltage (mY) was measured using calomel half-
cells (Beckman Instruments, Inc., Fullerton, California), teflon
tubing for agarose bridges (4%), an electrometer (Keithley 640,
Cleveland, Ohio), and a recorder (Metrawatt). The perfusate
was solution II, and the bath was solution II with serum. The
perfusion pipette served as lumen electrode. The results of the
transtubular potential difference (PD) measurements are ex-
pressed as mean (± sEM) of all tubules at any of the three stages
of differentiation, before and during the application of AVP.
Osmotic hydraulic conductance was calculated according to
Al-Zahid et al [8] as follows:
L - y [C0 - C1 1 1 (C1 - Cb) C0DART [COCICb (C)2 n(CC)C
where L is the hydraulic water permeability coefficient (cm s
atm'); A is the tubular surface area as calculated from the
measured lengths and luminal diameters; R and T have the
usual meanings; V0 is the perfusion rate; and C (o,L,b,) are the
osmotic concentrations of the perfusate, the collected fluid, and
the bath medium, respectively. V0 was calculated from
—
VL (C1)Vo- ,
where YL is the fluid volume collected in the calibrated
constriction pipette; t is the time necessary to fill the pipette to
the constriction; C1 and C0 are the concentrations of the volume
marker in the collected and perfused fluid. Length and luminal
diameter of the perfused segment were taken from microphoto-
graphs [9]. In six experiments, the perfusate was solution II and
the bath was solution II (+ FCS) with the addition of 100
mOsm/kg H20 of raffinose to compare the effect on volume
flow of the sodium chloride gradient with that of an impermeant
solute.
Data of the L measurements are expressed as the mean
value of all measurements (3 to 6 for each experimental phase)
in individual tubules or as the mean value (± SEM) of all tubules
within one group. Differences, at the three stages of differentia-
tion, between the two functional states (ADH/no ADH) were
evaluated using Student's paired t test analysis.
Results
Hydraulic conductivity coefficient. Osmotic volume flow was
directed from lumen to bath along a mean osmotic gradient of
113 mOsm 1' (NaC1). Net volume flow was 0.66 0.18 nI
min mm' in the e-OMCT (N — 15), 0.44 0.21 in the i-
OMCT (N = 8) and 0.11 0.02 in the final form of function (m-
OMCT, N = 8). Thus, basal osmotic volume flow, that is, net
flow in the steady-state of AVP-independent function, is high in
e-OMCT and significantly lower (P < 0.01) in m-OMCT.
Figure 1 depicts the basal and the AVP-activated hydraulic
osmotic flow (J) for each individual OMCT. The lines connect
the mean values of J, measured within one OMCT in the
absence (basal) and in the presence (activated) of AVP, Techni-
cal problems in some tubules, marked (closed circle), prevented
paired observations. These single-phase data, however, are
consistent with those from the complete perfusion protocol.
The AVP-independent volume flow decreases from e- to m-
OMCT during epithelial differentiation. None of the epithelia in
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e-OMCT showed a significant response of J, to AVP, although
there was a considerable heterogeneity of basal J.,. By contrast,
OMCT in the intermediate state showed an AVP-induced
increase of J in all perfused epithelia despite high basal J, in
some. The increase from basal to activated J was dependent
upon the magnitude of basal J,. Basal and activated J,. in m-
OMCT appeared to be homogeneous. The response to the
hormone was not dependent upon the different AVP concentra-
tions (25, 100, 500 LU/ml).
All experiments were carried out according to the same
protocol (Fig. 2). Following the initial equilibration period
(about 140 mm after onset of perfusion), multiple collections of
the effluent fluid were made during a 70- to 80-mm period. After
the addition of AVP to the bath medium (at about 230 mm of the
experiment), a second equilibration period (60 mm) preceded
the second collection period of 90 mm. Fluid collections were
not made during equilibration periods. Although the number of
fluid collections was not identical in all experiments, collections
were nonetheless always made after identical equilibration
periods. The protocol was similar for the experimental series on
transtubular voltage.
Figure 3 indicates the hydraulic conductivity coefficient of
the outer medullary collecting tubule measured during the
plateau phase (Fig. 2) of basal and activated L at three stages
of functional differentiation (mean SEM). The change of the
AVP-independent coefficient from d- to m-OMCT is significant
(P = 0.001), as is the difference between basal L of d- to i-
OMCT (P < 0.02). The equation for the calculation of L [81
implies that the measured changes of the osmotic concentra-
tions in perfusate and collected fluid (C1 versus C0) are signifi-
cant determinants of the L value and account for the seeming
quantitative differences between J, and L in the presence of
ADH.
In the presence of the antidiuretic hormone, L is not altered
in e-OMCT. The epithelium of the rabbit OMCT is AVP-
insensitive at this stage of differentiation, while the AVP-
independent hydraulic osmotic coefficient is set to a high value.
The range of maximal values of AVP-activated L is reached
already during the intermediate stage of differentiation (i-
OMCT), although the change from basal to activated L was
lower in about 50% of the tubules, that is, the AVP-independent
Fig. 2. Hydraulic conductivity coefficient (L) in three stages of
functional differentiation of the outer medullary collecting tubule at
25° C. Data obtained during the initial plateau phase (160 to 220 mm
after start of perfusion) and the later plateau phase (60 to 180 mm after
exposure to AVP) were defined as ADH-independent basal L and as
ADH-dependent activated osmotic hydraulic conductance. Transients
before basal and between basal and activated states were not measured.
Symbols are: (•) e-OMCT; (A) i-OMCT; (0) m-OMCT. Mean SEM.
basal coefficient in i-OMCT is about threefold that in m-OMCT.
Mean values (± SEM) of basal L (cm s atm . l0) were: 85
34 in e-OMCT, 36 6 in i-OMCT, and 10 7 in m-OMCT.
Mean values (± sEM) of AVP-activated L were: 105 27 in e-
OMCT, 250 36 in i-OMCT, and 327 63 in m-OMCT.
L was also measured in 6 OMCT when the osmotic flow was
driven from the isosmotic lumen by a raffinose gradient (see
Methods). Basal L was 92 41 cm s atm' l0- (N = 2) in
e-OMCT and 8 5 (N = 3) in m-OMCT. AVP-activated L was
98 27 (N = 2) in e-OMCT and 344 52 (N 4) in m-OMCT.
The data are within the range of those measured during a
sodium chloride gradient from lumen to bath and were included
in the statistical analysis of all data (Fig. 3).
The perfusion arrangement applied in this study was similar
to that used in the studies of Horster and Larsson 171. Transepi-
thelial hydrostatic pressure gradients in OMCT, therefore, were
below 6 cm water. Given the conductivity coefficients, a
hydrostatic gradient of this magnitude could contribute some 7
to 10% only of net volume flow at the e-OMCT and AVP-
induced m-OMCT state of conductance, respectively.
Transtubular voltage. The spontaneous electrical potential
difference was recorded every 10 mm in 11 OMCT (Fig. 4). The
artificial solutions (II, see Methods) in perfusate and bath were
identical except for the addition of 5% (vol/vol) of FCS to the
bath fluid. Mean values were calculated from the steady-state
voltage (mV), that is, during those periods when the PD had
reached stable AVP-independent and AVP-induced values
about 130 mm after perfusion onset and about 50 mm after the
first exposure to AVP, respectively (Fig. 4). Transtubular PD
was + 1.71 0.3 (basal) and +2.02 0.4 (AVP) in e-OMCT;
—2.43 0.3 (basal) and —2.74 0.5 (AVP) in i-OMCT and
—6.1 0.4 (basal) and —9.2 0.6 (AVP) in m-OMCT.
The differences of basal spontaneous voltage of the OMCT
e-OMCT
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i-OMCT
AD H
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Fig. 1. Net transtubular fluid flux (J) of the Outer medullary collecting
tubule (OMCT) in the absence (no ADH) or presence (ADH) of
arginine-vasopressin during ontogenelic differentiation (e- to m-). Lu-
men to bath osmotic gradient (sodium chloride) is at 25° C.
''120
Antidiuretic hormone, A VP
180 240 300 360 420
Time, mm
Differentiation of the medullary collecting tubule 363
—ADH +ADH
,0Jn1J
e-OMCT i-OMCT m-OMCT
Fig. 3. Osmotic hydraulic conductance (L) of the outer medullary
collecting tubule (OMCT) at three stages of ontogenetic differentiation.
Values represent mean SEM of all data during the plateau phase (Fig.
2) of basal (—ADH) or activated (+ADH) hydraulic conductance.
between the three stages of functional differentiation were
significant (P < 0.01).
Transtubular voltage was lumen-positive in e-OMCT and
remained positive during AVP although there was a transient
phase toward zero PD in two tubules. By contrast, transtubular
potential difference was always lumen-negative in i-OMCT and
in m-OMCT.
Changes of PD in response to AVP were significant (P =
0.01) only in the m-OMCT. The magnitude of the PD after AVP
was different (P < 0.025) between i-OMCT and m-OMCT. The
antidiuretic hormone, therefore, has no effect on OMCT voltage
at a stage of differentiation when L of this epithelium is
increased significantly by the hormone.
Ouabain (l0 M) was added to the bath in two of the e-
OMCT and in two of the m-OMCT after the AVP phase of the
experiment. PD in e-OMCT changed from a mean value of
+2.02 0.4 (AVP) to +3.5 0.7 mY (ouabain), whereas the
PD in m-OMCT decreased from —9.2 0.6 (AVP) to —0.8
0.5 (ouabain), as measured over a period of 40 mm.
Thus, the ouabain-sensitive transtubular voltage in the m-
OMCT, but not in the e-OMCT, is stimulated by arginine-
vasopressin.
Discussion
Principal findings of this study are the facts that the hydraulic
conductivity coefficient (Lv) and the transtubular voltage of the
outer medullary collecting tubule are dependent upon epithelial
cell differentiation, as is the response of these parameters to the
antidiuretic hormone (AVP).
The A VP-independent conductivity coefficient at the end of
structural-functional differentiation in the m-OMCT is lower
than the L of the cortical collecting tubule, where it was 19 7
(cm s' atm' l0—) at 25° C [101; however, L in OMCT is
higher than in the papillary collecting tubule where it was close
to zero [11]. This comparison suggests that basal osmotic
convective flow in the presence of an external osmotic gradient
decreases along the collecting tubule from cortex toward
papilla.
L during early differentiation of water and ion transport (e-
OMCT) is higher by a factor of about 8 when compared with the
conductivity coefficient of m-OMCT. Assuming that basal L
expresses the magnitude of a Poisseullie-type flow through
hydrophilic epithelial channels, the high L in the e-OMCT
might indicate a difference in the number or in the size of
pathways for osmotic volume flow. In fact, the ultrastructure of
differentiating collecting tubules [12] indicates that atypical
junctions, formed by rows of particles and particle-free inter-
vals instead of continuous networks of ridges in freeze-fracture
replicas, may provide a morphological basis for the high L.
Accordingly, the gradual decrease of L1, (Fig. 3) would be a
correlate to the completion of membrane (tight junction) assem-
bly with epithelial differentiation. Transjunctional osmotic flux
from lumen to bath, while negligible for the fully differentiated
collecting tubule [13], may contribute to the high basal L in e-
and i-OMCT.
The A VP-induced hydraulic conductivity coefficient of the
rabbit outer medullary collecting tubule (Fig. 3) is considerably
higher at the steady-state of the AVP effect than values reported
for L of rabbit (Fig. 1 in [10, 14]) and human [15] CCT, at 25°
and 37° C, respectively. The experimental conditions were
similar except that we used some FCS in the bath. These serum
factors, however, should not affect the magnitude but may
influence the stability of the AVP-induced L [101. Therefore,
the present data on L in the strictly defined outer medullary
collecting tubule suggest that these epithelia are more sensitive
to the antidiuretic hormone than any other nephron segment.
The activated L of i-OMCT is almost as high as that of m-
300
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Fig. 4. Transtubular voltage of the outer medullary collecting tubule
(OMCT) at three stages of ontogenetic dUferentiation and the influence
of antidiuretic hormone. Shaded areas indicate range of AVP-indepen-
dent voltage for each group at 25° C.
Antidiuretic hormone, A VP
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OMCT (Fig. 3), and the L response to AVP is present even in
those tubules where basal L is still high. This observation
suggests that the differentiation of basal and activated L are
two separate processes; the interpretation is strengthened by
the fact that AVP does not induce L in the e-OMCT. There-
fore, early differentiation of the medullary collecting tubule is
characterized by a high 'arrested' L, and the mechanisms for
AVP-induced conductivity changes are not yet present or
operative.
The target sites for antidiuretic hormone have been studied
previously during epithelial differentiation with regard to ade-
nylate cyclase activation by AVP [161 in cortico-medullary
collecting tubules (OMCT) and by 3H-vasopressin binding to
medullary tissue homogenates [171. Basal adenylate cyclase
activity (l0-' cAMP/mm30 mm) was similar in young and in
mature rabbits, and it was twice as high in the 10- to 12-day
rabbit when referring to protein content. This fact, in addition
to those mentioned, supports our notion that basal and activat-
ed L1, differentiate independently. When basal adenylate cy-
clase was stimulated by supramaximal doses of pitressin, the
increase in differentiating epithelia (OMCT) was only 3.2-fold,
whereas that in mature collecting tubules was 11-fold [161. Total
medullary adenylate cyclase, similarly, was observed to re-
spond gradually to vasopressin stimulation during medullary
differentiation [17]. It is of interest, however, for the interpreta-
tion of these data with respect to the present findings, that the
vasopressin binding capacity showed an almost identical pat-
tern, with the hormone binding always preceding the enzyme
activation (Figs. 4 and 5 in [17]). These findings suggest that the
insensitivity of L to AVP in early differentiation, observed in
this study, is not related to adenylate cyclase availability but to
some hindrance (undifferentiation) for its stimulation, possibly
at the first coupling site of the sequence at the basolateral
membrane.
Transtubular voltage during perfusion with symmetrical solu-
tions in perfusate and bath, except for 5 vol% of FCS in the
latter, was lumen-positive in e-OMCT and showed increasingly
lumen-negative values with functional differentiation. The
transepithelial potential of the collecting tubule has been related
to the position of the segment within the kidney [18]. There was
a tendency for the voltage from negative to positive values with
medullary depth of segmental localization while cortical seg-
ments always displayed a negative voltage during in vivo
mineralocorticoid stimulation (DOCA). We used segments from
a strictly defined and constant medullary position (see Methods,
in vitro dissection) at spontaneous in vivo mineralocorticoid
levels; the ouabain-sensitive, in vitro voltage across these same
epithelia turned from positive (+ 1.71) to negative (—6.1 mV)
values with differentiation (Fig. 4).
The nature of the lumen-negative potential in the collecting
tubule has not been established. Indirect evidence suggests [19,
20] that active sodium transport in the collecting tubule is the
cause of the PD, although there is no proof yet for the sodium
pump to be electrogenic directly. Nevertheless, changes of the
PD with mineralocorticoid activity [21, 22] induced by dietary
or hormonal measures support the assumption of a causal link;
particularly, the PD is altered from negative to positive values
within the cortical segment by previous in vivo mineralocor-
ticoid suppression, and it is reversed to lumen-negative by
acute aldosterone application in vitro [211.
The present data, when considered prima facie, indicate that
the lack of response to ADH in e- and i-OMCT and its
attainment in m-OMCT is an ontogenetic process involving one
or more determinants. For instance, Na-K-ATPase activity of
the MCT is low in the e-OMCT and high in m-OMCT. The
pump-dependent sodium flux component, therefore, may be
postulated to increase in OMCT under the influence of aldoste-
rone, as has been demonstrated previously for TAL and CCT
[2, 23, 24]. Extrarenal factors, therefore, are likely to take part
in epithelial transport differentiation; none of these has been
measured in the present study.
The reversal of PD within the OMCT suggests that two
processes may contribute simultaneously to the voltage. First-
ly, the activity of the sodium pump, as measured by total Nat-
K-ATPase in the differentiating collecting tubule, is low [23],
and it is stimulated directly by aldosterone in vitro [24], This
enzymatic, aldosterone-dependent differentiation is in parallel
to the increasing sodium transport per cell, as demonstrated for
the ascending thick limb of Henle's loop [21. Secondly, the
segmental voltage distribution along the mature collecting tu-
bule has been related to the distribution of dark (intercalated)
and light (principal) cells along the collecting tubule [18]. It has
been suggested for the differentiating collecting tubule that the
majority of cells is of the dark type and glycogen-rich [25].
Transtubular voltage changes in the OMCT with differentiation,
therefore, could be the expression of two different processes:
the higher net transport capacity and the changing distribution
of principal and intercalated cells.
The effect of antidiuretic hormone on transepithelial voltage
is well established for anuran epithelia, but evidence for its
action on collecting tubule segments is still equivocal. The
present study, while demonstrating an effect of AVP on the PD
of the outer medullary collecting duct (m-OMCT), reveals an
insensitivity of the underlying ion permeation mechanism to
ADH in earlier states of differentiation (e-OMCT, i-OMCT).
The medullary countercurrent system during differentiation
has been demonstrated previously to depend on functional
characteristics of the thick ascending loop [26] and on the
medullary cytoarchitecture [4], particularly on the rate of
penetration of cortical loop segments into the outer medulla
during the early postnatal period in rats [27]. It was assumed, on
the basis of clearance and tissue slice analysis in the dog [5] and
from data on a single fetal collecting tubule in the human [28],
that an osmotic equilibrium between medullary collecting tu-
bule and interstitium, that is, a complete response of L to
ADH, were reached from the onset of osmotic work in the
countercurrent system [261. Tissue analysis in the dog included
comparatively late developmental stages only and osmotic
equilibrium between medullary structures at earlier stages may
be reached, despite the ADH-insensitivity, through a high basal
L in e-OMCT. However, the ontogenetic evolution of low
basal hydraulic conductivity together with an extraordinarily
high response of the medullary collecting tubule to ADH
indicate that the wide regulatory range of L in the outer
medulla is important. It is of further interest that both outer
medullary blood flow [29] and sodium chloride transport of the
thick ascending ioop segment in the outer medulla [30] appear
to be under a distinct regulatory influence of the antidiuretic
hormone.
In summary, this study has demonstrated that the medullary
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collecting tubule differentiates with regard to its basal hydraulic
conductivity coefficient and that L is nonresponsive to ADH
during early epithelial differentiation, whereas the L response
in the mature epithelium is higher than in other collecting tubule
segments. The antidiuretic hormone, lastly, increases the volt-
age of the differentiated medullary collecting tubule.
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